Abstract Renal vascular responses to anglotensm II (Ang II) and noiepmephrme (NE) are reported to involve both mobdlzatlon of calcium from intracellular stores and activation of calcmm influx pathways The present study was conducted to determine the contribution of calcium release from mtracellular stores to afferent and efferent arteriolar responses to Ang II and NE Experiments were performed m vitro usmg the blood-perfused, JUXtamedullary nephron technique combmed with vldeomlcroscopy The responses of afferent and efferent arterioles to Ang II and NE were determined before and after depletion of mtracellulal calcium pools with 1 pmol/L thapsigargm Positive control responses were obtamed with 55 mmol/L KC1 Ang II concentrations of 0 1, 1 0, and 10 nmol/L decreased afferent artenolar chameter by 10+4%, 17?4%, and 29?6%, respectively (P< 0.5, n=8) NE also decreased afferent diameter by 5&l%, 132 I%, and 57?9% at concentrations of 10, 100, and 1000 nmol/L, respectively (P< 05, n=6) Thapstgargm treatment shifted the afferent arteriolar concentration-response curve? for both Ang II and NE slgmficantly to the right Nevertheless, KC1 evoked a A fferent and efferent arterioles respond m concert with hormonal and paracrme influences to efficiently regulate renal blood flow and glomerular filtration rate. 1 Elevation of cytosohc calcmm concentration represents an important component m the renal nucrovascular response to vasoconstrictor agonists 1-g Increasmg cytosolic calcium concentration in renal rmcrovascular smooth muscle can occur through activation of calcium influx pathways mvolvmg ion channel activation and/or through moblhzation of calcium release from mtracellular pools 2-g Studies have shown that Ang II stimulates segmentally datmct signal transduction pathways to elicit vasoconstnchon of afferent and efferent arterioles Afferent artenolar vasoconstnctlon relies largely on calcium influx through voltagegated calcium channels, and this response can be blocked by dlhydropyrldme calcium channel antagomsts.3-*s'" In contrast, Ang II vasoconstrlcts efferent arterioles through mechanisms independent of L-type calcmm channel activati0n.4*5S7V11
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With the recent development of agents that selectively perturb the fillmg state of intracellular calcium pools, it 1s now possible to manipulate these pools and determine the mfluence of calcium store mtegrlty on microvascular -8 = 8-(N,N-chethylammo)octyl-3,4,5- tl lmethoxybenzoate m Vitro with the blood-perfused Juxtamedullary nephron technique as previously described 271415 For each experiment, two male Sprague-Dawley rats (350 to 400 g) were anesthetized with sodium pentobarbital(40 mg/kg IP) and pretreated for 30 mmutes with the converting enzyme mlnbitor enalaprdat (2 mg IV) Perfusate blood was collected from the kidney donor and a blood donor and was prepared as previously described 2715 The anesthet~zed blood donor rat was nephrectotmzed and, 30 minutes later, exsangumated mto a syrmge contammg heparm (500 U) The plasma and erythrocyte fractions were separated from the centrifuged blood, and the leukocyte fraction was discarded The plasma was filtered (0 2 pm) before being mixed with erythrocytes to yield a hematocrit of M 33 The lecon\tltuted blood was filtered through a 5-pm nylon mesh The right renal artery of the kidney donor was cannulated, and the kidney was lmmechately perfused with a Tyrode's buffer solution containing 52 0 g/L BSA (Sigma Chemical Co) and a complement of L-ammo acids 27115 The perfused kidney was removed and sectioned along the longltudmal axis, leaving the intact papilla on the dorsal two thirds of the kidney The papilla was reflected back, and the pelvic mucosa was removed to expose the main arterial branches, renal tubules, glomeruh, dnd related microvasculature of Juxtamedullary nephrons Ligation of the telmmal ends of the large arteries restored perfusion piessure to the perfused cortical and papdlary tissue After the dissection was completed, the perfusate was replaced with the reconstituted, oxygenated blood Pertusion pressme was monitored at the cannula tip and was set at 100 mm Hg The inner cortical smface of the kidney was contmuously superfused with warmed (37°C) Tyrode's buffer contammg 10 0 g/L BSA, and the kidney was allowed to equilibrate for at least 15 minutes
The perfusion chamber containing the prepared kidney was affixed to the stage of a Nikon Xenophot mIcroscope (Nikon Corp) equipped with long-working-distance obJectives Video images generated with a high-resolution Newvlcon camera (NC-67 m, Dage-MTI) were electronically enhanced (image processor MFJ-1425, MFJ Enterprises Inc) and displayed on a video monitor whde being simultaneously recorded on videotape for dnalysis Afterent and efferent arteriolar IDS were measured at a single site with an image shearmg monitor (model 901, Instrumentation for Physiology and Me&me) calibrated with a stage micrometer The steady-state diameter of each arteriole was calculated for each experimental period by averaging the 10 determinations taken during the last 2 minutes of that period Afferent arterioles were selected for study on the basis of the clarity of the vascular walls and the adequacy of blood flow through the vessel lumen Protocols These studies were conducted to determme the role of calcium release from the thapslgargm-sensitive Intracellular calcium pool on the Ang II-and NE-mediated vasoconstnction of Juxtamedullary afferent and efferent arterioles After a 15-minute equdlbratlon period, a protocol was uutiated consisting of consecutive 5-minute treatment periods Treatments were adrmmstered by batlung the tissue with a superfusate solution whose composition was vaned accordmgly After dn mitral control period, the tissue was exposed to increasing concentrations of Ang II over the range of 0 1, 1 0, and 10 nmol/L and followed by a recovery period After the recovery period, the superfusIon solution was changed to one containing a Ca'+-ATPase-mlubltmg sesqmterpene lactone, thapsigargm (I 0 pmol/L) 12 II The concentration of thapsigargm was selected from previous experiments m this preparation, which demonstrated that I 0 pmol/L thapsigargm attenuated the afferent response to 200 nmol/L NE 2 The kidneys were exposed to thapslgargm for 10 minutes betole at teliolar responses to Ang II at the concentrattons used m the contiol con&Ions were leaqsessed A second series of experiments was performed to detelmme the effect of calcium store depletion with thapsigargm on the afterent and efferent artenolar responres to NE Theve experrmerit? were performed accordmg to a protocol tdentlcal to that described above except that NE was used as the agonist at concentrations of 10, 100, and 1000 nmol/L Positive control responses were obtained at the conclusion of each experiment Microvascular responses to 55 mmoI/L KC1 were determined to confirm that arterioles remam responsive to calcium Store-Independent vasoconstrictor strmuh and to confirm that I 0 pmol/L thapsigargm was not lmpmrmg voltage-dependent Ca2+ The magnitude of the efferent arteriolar vasoconstrictton evoked by 10 nmol/L Ang II was not significantly different from the afferent arteriolar response to the same Ang II concentration. The response of efferent arterioles to thapstgargm treatment was similar to the response of afferent arterioles. Efferent diameter slowly declined during the mmal exposure to thapsigargm before stabthzmg at a diameter not significantly different from control In the continuous presence of thapstgargin, the efferent response to Ang II was completely abolished Vessel diameter averaged 23.2~1 1,23 251.2, and 23.1kl.l pm for each concentration, respectively
Norepinephrine Studies
The effect of thapsigargm on the afferent arteriolar response to NE was also examined, the results of those studies are illustrated m Fig 3 Stx afferent arterioles examined from six kidneys averaged 20.3? 1 3 pm during the control period, and this diameter decreased m a concentrationdependent manner m response to sequential exposure to 10, 100, and 1000 nmol/L NE. Afferent caliber decreased significantly to 19.2k1.3, 17.851.3, and 8 ferent arterioles from SIX kidneys averaged 24 6t 1 3 pm during the control period. NE concentrattons of 100 and 1000 nmol/L caused efferent artertolar diameter to decrease stgmficantly, to 22 9% 1 3 and 20 65 1 8 pm, respectively (P< 05 versus control) The magnitude of the efferent arteriolar vasoconstriction evoked by 1000 nmol/L NE was sigmficantly smaller than the afferent arteriolar response to the same NE concentration Simtlar to the efferent response to Ang II, thapstgargm treatment completely abolished the NE-mediated efferent arteriolar vasoconstrictor response Efferent diameter averaged 23 5 21 4 pm during thapstgargm treatment alone and remained at that diameter during exposure to each NE concentration To control for the possibility that thapsigargm treatment might interfere with microvascular contractile response through some nonspecific mechanism, we confirmed the ability of these arterioles to respond to receptor-mdependent sttmulatton with 55 mmol/L KCl. KC1 was admmtstered m the presence of thapsigargm to ensure that the 0 CONTROL RESPONSE 
Discussion
In the present study, we directly examined the effect of intracellular calcmm store depletion on renal mtcrovascular responses to vasoconstrtctors The results of these studies demonstrate that Juxtamedullary microvascular responses to Ang II and NE involve release of Ca*+ from thapngargm-sensitive, intracellular calcmm stores These studies further demonstrate that preglomerular and postglomerular arterioles of juxtamedullary nephrons rely to differing degrees on Ca2+ released from intracellular calcium pools to effect the receptor-mediated vasoconstrtctor response to Ang II or NE The importance of extracellular calcium m the regulation of renal microvascular responses to vasoactive agents has been recognized for some time, however, the potential role for calcium release from intracellular pools in agomstmediated vasoconstrictor responses has not been directly evaluated Earher studies have suggested that calcium mobilization from intracellular stores 1s not a major contrtbutor to autoregulatory responses m the dog ktdney 18 Subsequent work revealed that mfusion of a purported calcium release mhtbttor, TMB-8, mto the renal artery markedly attenuated the renal vasoconstrictton induced by bolus mtrarenal mlectton of Ang II or vasopressm 19 More recently, Ruan and Arendshorstg reported that -50% of the Ang II-mediated decrease m rat renal blood flow was mhabited by blockade of L-type calcmm channels Approximately 50% of the renal blood flow response was also inhibited by TMB-8 or heparin Both TMB-8 and heparm are reported to stabilize Ca*+ binding to the calcium stores and thereby inhibit Ca2+ release from IP,-sensitive mtracellular calcmm pools.20-22 This observation suggested that Ang II stimulates calcmm mobihzatton from intracellular pools to evoke renal vasoconstriction and thus reduce renal blood flow These studies provide provocative m vivo evidence for the mvolvement of a phosphohpase C-IP? signal transduction step in the renal vascular response to Ang II, but they do not indicate which mtrarenal vascular segments are involved in the response Previous studies have focused on the role of L-type calcium channels and calcium influx from the extracellular medium to evoke afferent and efferent arteriolar vasoconstriction Admmistratton of L-type calcium channel antagonists preferentially mhtblts afferent artertolar vasoconstrictor responses to Ang II, whereas it does not markedly alter Ang II-mediated efferent artenolar vasoconstrtctton 4-7 10 Ang II increases cytosohc calcmm m both afferent and efferent artertoles 4 EGTA-containing soluttons with a reduced extracellular Ca*+ concentration attenuate the rise m cytosohc Ca'+ concentration and blunt the vasoconstriction of afferent and efferent arterioles m response to Ang II 4 Also m low-Ca'+ condmons, admmtstratton of the putative sarcoplasmtc rettculum calcmm release blocker dantrolene markedly attenuated the Ang II-mediated vasoconstnction of isolated perfused afferent and efferent arterioles 4 These data implicate a role for calcmm release from intracellular stores in the preglomerular vasoconstrictton elicited by Ang II. Unfortunately, the spectfictty of dantrolene has not been clearly demonstrated, and the stmultaneous exposure of isolated vascular segments to dantrolene plus 110 nmol/L Ca*' in EGTAcontammg solutions may have nonspecifically compromised the reactivity of these arterioles by reducing mtracellular Ca2+ concentration to unacceptable levels.
Thapsigargm 1s a Cazf-ATPase-mhtbttmg sesqmterpene lactone that irreversibly inhibits the sarcoplasmic and endoplasmic rettculum Ca**-ATPases (SERCA a, b,, bZ, and c) expressed from cDNA.l*J3 Thapsigargm mhtbtts each of these SERCA ATPases with equal potency. 13 Calcium ATPase mhtbmon results in depletion of intracellular calcium stores as they are emptied via endogenous leak pathways without being replenished through the acttvtty of the sarcoplasmic reticulum Ca*+-ATPase. This ehminates the avatlabihty of a readily mobthzable calcmm repository to be accessed by store-dependent vasoconstrictor agonists even m the presence of normal extracellular Ca*+ concentrattons In the present report, thapsigargm treatment did not significantly alter resting afferent or efferent arteriolar diameter, however, thapsrgargin did alter the microvascular response to Ang II and NE. Thapsigargm admmistratton attenuated the afferent artertolar response to these vasoconstrictor agents and abolished the efferent arteriolar response. Unlike a previous study,4 mtcrovascular responses by intracellular store depletion were altered with the extracellular Ca2+ concentration m the normal phystological range.
Some studies have suggested that, m addition to its Ca*+-ATPase-mhibttory properties, thapsrgargm may also mhtbit Ca*+ mflux through voltage-dependent, L-type calcium channels.16 Other studies have suggested that thapstgargin may sttmulate calcium influx through a mcardtpine-insensitive Ca*+ channel 23 Despite such reports, these nonspecific effects do not appear to be confoundmg the results of the present study, for the followmg reasons Postttve control experiments were performed to confirm that arterioles, which were unresponsive to Ang II during thapstgargm treatment, retained responstveness to storeindependent vasoconstnctor stimuli. Membrane depolartzatton with KC1 vasoconstrmts afferent and efferent arterioles by acttvatton of L-type calcium channels ~5.8 In the present study, 55 mmol/L KC1 consistently decreased afferent and efferent arteriolar diameter by =50%, even with the contmuous presence of thapstgargm m the bathing medium This observatton confirms that thapsigargm treatment dtd not stgmficantly impatr the activity of L-type calcmm channels m these arterioles under these condittons and that these arterioles retained the ability to contract to vasoconstrtctor stimuli that are not dependent on an intact intracellular calcmm pool. Nonspectfic effects due to stimulation of a mcardtpme-msenstttve calcmm current are also an unlikely explanation, since this would serve to mcrease cytosolic calcmm and thereby facthtate renal mlcrovascular vasoconstrictton. As noted, thapsigargm treatment did not significantly alter resting afferent or efferent artertolar diameter, nor did it enhance responsiveness to Ang II or NE. Therefore, the data presented here support the hypothesis that thapsigargin treatment depletes afferent and efferent arteriolar calcium stores and thus ehmmates a pivotal component of the signal transductron cascade induced by Ang II and NE Vol29, No 1, Part 2 January 1997
Although Ang II stimulates vasoconstrlctlon of afferent and efferent arterioles, divergent mechanisms are used by the preglomerular and postglomerular arterioles to actuate the response. Numerous studies have shown that Ang II stimulates sustained vasoconstrlctlon of afferent arterioles through activation of voltage-gated calcium channels 435,7,10 In contrast, Ang II-mediated vasoconstrlctlon of efferent arterioles does not appear to mvolve L-type calcium channel actlvatlon.4~5~7+'0 It 1s thus temptmg to speculate that the efferent arterlolar response to Ang II 1s largely dependent on the moblhzatlon of mtracellular calcium, whereas afferent artenolar responses are more dependent on the influx of extracellular calcium. The results of the present studies using Juxtamedullary mlcrovascular segments are consistent with this hypothesis Concentration-response curves for the afferent artenolar response to Ang II or NE were not totally abolished by thapslgargm but rather were shifted to the right This suggests that although the response 1s markedly blunted, thapslgargm-treated afferent arterioles still retam the ablhty to respond to these agents m the concentration ranges we examined The mechamsm(s) responsible for the remammg vasoconstrlctor reserve remam to be identified Several different pathways can be considered as VP able explanations Investigators have suggested that multiple calcium storage pools exist within cells and that not all of these pools are sensitive to thapslgargin. Therefore, it 1s possible that Ang II or NE stimulates calcium release from both thapslgargm-sensltlve and thapsigargm-msensitive intracellular calcium pools to effect afferent arteriolar vasoconstrictlon Intervention mto the function of one of these calcium sources may not interfere with the ability of other sources to respond to Ang II or NE stimulation Alternatively, it has been reported that isolated afferent arterioles use chloride channel activation m their response to Ang II 24 Cultured rat mesanglal cells respond to Ang II with activation of phosphohpase C-y,, with the subsequent activation of a low-conductance chloride channel25, however, the link between agonist-induced calcium moblhzatlon and chloride channel activation m mlcrovascular smooth muscle has not been shown Nevertheless, it 1s possible that the depolarlzmg influence of chloride channel activation can persist m thapsigargin-treated arterioles and thus lead to vasoconstrlction through activation of voltagedependent pathways. In contrast to the afferent arteriole, thapslgargm treatment totally abolished the efferent response to Ang II and NE at the concentrations used The remarkable difference in the efficacy of thapslgargm treatment m altering afferent and efferent arteriolar responsiveness to Ang II and NE strongly suggests that calcium release from thapslgargm-sensitive intracellular stores plays a pivotal role m the ability of efferent arterioles to respond to these agents. Clearly, these data are consistent with the work of others demonstrating disparate afferent and efferent sensmvlty to L-channel blockade m altermg preglomerular and postglomerular responsiveness to Ang II In summary, thapslgargm treatment markedly attenuates JUXtaIIEdUllaQ afferent arten&U vasoconstnctor responses to Ang II or NE In addition, depletion of intracellular calcium pools with thapslgargm completely abolishes the response of Juxtamedullary efferent arterioles to these vasoconstrlctor agents The results of this study using JUXtamedullary mlcrovascular segments are m good agreement with the observations of other investigators using arterioles isolated from different regions of the kidney as well as m vlvo studies mvolvmg whole-kidney hemodynamlcs 4-6~8~y+3~1g These data support the hypothesis that calcium release from a thapslgargm-sensitive intracellular calcium pool represents a critical link m the signal transduction pathway used by Ang II and NE to evoke afferent vasoconstrlctlon Furthermore, efferent artenolar responses to these agents may rely more heavily on calcium release from this store, whereas afferent responses may include activation of other pathways 
